Systematic investigation of the contact resistance in electrolyte-gated organic field-effect transistors (OFETs) demonstrates a dependence of charge injection at the source electrode versus the gate electrode work function. Our analysis reveals contact-limitations at the source metal-semiconductor interface and shows that the contact resistance increases as low work function metals are used as the gate electrode. We attribute these findings to the establishment of a built-in potential that is high enough to prevent the Fermi-level pinning at the metalorganic interface. This results in an unfavorable energetic alignment of the source electrode with the valence band of the organic semiconductor. Since the operating voltage in the electrolyte-gated devices is on the same order as the variation of the work functions, it is possible to tune the contact resistance over more than one order of magnitude by varying the gate metal.
Introduction
Organic field-effect transistors (OFETs) based on solution-processed semiconducting materials have undergone tremendous progress in recent years, primarily driven by the need for a low-cost electronics platform. [1] These progresses relate to both over-all device performance and also reliability, which together promise for practical applications based on OFET devices. [2] However, there are still both physical and technological issues to be faced before this technology can enter true applications. Contact resistance, at the source electrode, represents for instance one significant bottleneck to the transistor performance. Controlling the charge injection from metal electrodes into the organic semiconductor is one of the major hurdles to achieve scaling and size reductions of OFETs. [3] In an OFET, the electronic structure of the metal-semiconductor interface can strongly affect the overall device performance. Typically, charge injection into the device is efficiently achieved via an Ohmic contact, established at the source electrode, by choosing a metal with a work function that matches the highest occupied molecular orbital (HOMO) or lowest unoccupied molecular orbital (LUMO) of the organic semiconductor within a few tenths of an electronvolt. [4] Several interface modification methods have been reported to improve charge injection, such as interfacial dipole formation, [5] bulk doping of the organic semiconductor [6, 7] or at the metal-organic interfaces. [8] In addition, with self-assembled molecular layers, expressing an intrinsic electric dipole moment at the interface, the work function of metal electrodes can be lowered or raised, thus affecting the magnitude of the charge injection. [9] This can be achieved, for example, by depositing a thiol-based self-assembled monolayer on the metal surface prior to the deposition of the organic semiconductor. [10] Understanding the microscopic processes limiting the charge injection in OFETs is crucial to improve the performance of the OFETs. To this end, OFETs based on electrolyte insulators have a considerable potential due to their extraordinary high gate capacitance value, which allows for device and circuit operation at extremely low voltages (typically less than 1 V). In fact, under an applied gate voltage, the ions of the electrolyte insulator drift to the active interface of the semiconductor and the gate metal, respectively, and establish two electric double layers across which the entire gate potential drops. [11] The charged sheets composing the electric double layers are separated by only a few Angstroms within the Helmholtz layer, leading to extraordinary high transversal electric fields (10 9 V m -1 ). [12] Thus, the possibility to modulate the drain current with drive voltages of less then 1 V reveals new insight into phenomena that are not feasible with conventional inorganic or polymeric dielectric-based
devices. Recently, we demonstrated for example that the threshold voltage measured in polyelectrolyte-gated OFETs is strongly dependent on the work function of the gate electrode and can be tuned by using different gate metals of different work function. [13] Here, we demonstrate for the first time the dependence of charge injection on the gate electrode work function by systematically investigating the contact resistance in electrolytegated OFETs. Our analysis reveals contact-limitations at the metal-semiconductor interface and shows that the contact resistance increases when low work function metals are used as the gate electrode. Since the operating voltage in these devices is on the same order of magnitude as the variation of the work function between the gate electrode materials we find that it is possible to tune the contact resistance over more than one order of magnitude. The possibility to control the charge injection by changing the gate electrode is typically not feasible with conventional inorganic or polymeric dielectric gate insulators since the gate and drain-source driving voltages are relatively much higher in traditional OFETs. This supports the suitability of solid polyelectrolytes as dielectric layers in low voltage-operating devices optimized for circuit applications. Our approach would be of technological interest for further optimization of the device performance as well as for fundamental studies of transistor device physics.
Results and Discussion
Top gate, bottom contact transistors based on regioregular poly(3-hexylthiophene) (P3HT)
were fabricated using poly(vinylphosphonic acid-co-acrylic acid) (P(VPA-AA)) as the electrolyte insulator (Figure 1a) . The use of polyanions prevents anions penetration into the conjugated polymer and thus avoids electrochemical doping of the bulk semiconducting polymer layer (Fig. 1b ). This will guarantee that the electrolyte-gated OFET (EGOFET) runs entirely in the field-effect mode of operation. Figure 1c shows the output characteristics of four sets of P3HT-based electrolyte-gated OFETs with L = 50 µm (W = 1000 µm) at a fixed gate voltage and demonstrates the effect of different top-gate metals (i.e. Al, Ti, Cu and Ni) on the charge injection. Note that the gate voltage has been corrected for the transistor threshold voltage (Vth), taking into account the dependence of Vth on the work function of the gate electrodes. [13] Remarkably, the results show that Al reduces the drain current both in the linear and saturation regimes by nearly one order of magnitude as compared to the OFET including a Ni top-gate electrode. For a series of polymers and different injecting electrodes we find that the current is reduced by one order of magnitude when the injection barrier is increased by only 0.25 eV. [14] We attribute our results to the formation of an increased injection barrier for holes, which suppresses charge injection at the source electrode in these EGOFET devices. This is also corroborated by capacitance-voltage measurements of the metal-insulator-semiconductor structure (MIS) showing a reduced charge carrier density when the transistor is gated with a low work function metal (see Supporting Information, Fig. S1 ).
These drain current characteristics are surprising because both the metal-semiconductor and the polyelectrolyte-semiconductor interfaces are identical for all these devices and a lowering of the gate work function is not expected to influence the source-semiconductor interface energetics.
In order to provide a quantitative analysis of the contact resistance (RC), we extract RC from the length dependence of the total device resistance, Ron = ∂Vds/∂Ids, as Vg-Vth is ranging from 0 to -1.0 V, for a set of devices with L = 50, 20, 10, 8 and 5 µm (i.e. the transmission line method, TLM). In the linear operating regime of the transistor, the channel resistance varies linearly with the channel length. Accordingly, RC can be extracted for each applied Vg-Vth by determining the y-axis intercept of the data linear fitting (extrapolation to zero channel length). [15] The characteristic RC vs. the gate electrode work function behavior was also confirmed by analyzing the response of similar transistors in a gated four-probe configuration (gFP, see Experimental Section for further details). In both cases we only consider the characteristics of EGOFETs working in the linear regime, i.e. where the charge distribution is uniform along the channel. Figure 2 displays the extracted width-normalized total contact resistance (RCW) versus the gate voltage for different gate metal electrodes. We observe a typical drop of contact resistance with increasing gate voltage, which is commonly observed in staggered device configurations and is due to the combined effect of current crowding [16] and gate-bias assisted charge injection. [17] The difference in the output characteristics of the transistors, as demonstrated in Figure 1c , is well supported by the contact resistance measurements. Indeed, including aluminum as the gate electrode increases the contact resistance of the channel up to nearly one order of magnitude as compared to utilizing Ni. This is consistent with the formation of an increased injection barrier for holes at the source electrode in the EGOFET devices. At sufficiently high gate voltages (|Vg-Vth| > 0.5 V), where the extraction of contact resistance is more accurate, the gFP measurements ( Figure 2b) confirm our aforementioned observation that the Ni gate yields a significantly lower contact resistance for hole injection as compared to the Al gate. It is noteworthy that even in the case of less resistive devices (i.e. Ni gate), the contact resistance is at least three orders of magnitude higher than what typically is reported for similar devices using ionic liquids as the gate dielectric (~10 Ωcm). [18] This is because in ionic liquid-gated transistors, and which is also the case for light-emitting electrochemical cells, the injection of holes (or electrons) is assisted by electrostatic screening due to anions (or cations) close to the metal-semiconductor interface, which decreases the width of the Schottky barrier resulting in carrier injection from the source contact via tunneling. [19] To assess the impact of the gate metal work function on the measured contact resistance, ultraviolet photoemission spectroscopy (UPS) was used to investigate the polyelectrolyte/gate metal interface. In a top-gate OFET geometry the insulator layer is buried under the gate electrode. We take use of an adhesive tape to strip the polyelectrolyte/gate system away from the underlying surface, yielding a gate insulator fully exposed to the ambient, thus making the interface accessible for UPS characterization. Specifically, P(VPA-AA) was spin coated onto a weakly adhering surface such as a planar gold substrate; the gate electrodes were then evaporated on top of the polyelectrolyte layer. The easy exfoliation is due to the low interfacial energy between Au and the P(VPA-AA) layer, which then allows the polyelectrolyte/gate layer to be reliably delaminated. The work function of the different gate metals, as extracted by the secondary electron cutoff (SECO) spectra, is presented in Figure   3a and summarized in Table S1 of the Supporting Information. A ~0.2 eV drop of potential over the polyelectrolyte film (i.e., the difference between peeled and reversed samples) is observed and is most likely due to ordering effects within the polyelectrolyte and not due to any chemical reactions with the gate metal. [20] The variation of the contact resistances is correlated with the measured work function and is reported in Figure 3b . The total contact resistance drops by more than one order of magnitude with systematically increasing the gate work function.
In an attempt to explain the evolution of the contact resistance with the gate metal work function, we proposed the mechanism illustrated in Figure 4 . When Al is exposed to air (note that polyelectrolyte-gated OFETs operate in ambient condition), a thin native oxide layer is rapidly formed thus lowering the work function up to AlOx = 3.5 eV. Hence, for Al (and Ti), the polyelectrolyte/gate work function is lower than 4.1 eV. First, the difference in Fermi levels between the gate and source electrodes leads to a built-in electric field within the polyelectrolyte, which rearranges the ions distribution. Thus, two Helmholtz double layers are formed at the semiconductor/electrolyte and gate/electrolyte interfaces; negatively charged polyanions are immobile at the Al gate surface (i.e. protons moving away from the surface given the polyelectrolyte used) and protons accumulate at the P3HT/polyelectrolyte interface.
Since the electron injection barrier between Au and P3HT is large, a negatively charged channel cannot be formed at the P3HT/polyelectrolyte interface. The negative charges stay at the Au surface and a linear potential drop occurs over the P3HT bulk. Thus, it is expected that a built-in potential is established across the P3HT layer, see Figure 4a . However, because of We note that this case is of particular interest for OFETs fabrication since it also applies to high work function metals such as gold (Au = 4.6-4.8 eV), which is typically used as both gate and source/drain electrodes.
Doping can affect the physics of charge injection into the organic semiconductor since it strongly alters the band alignment between the metal and the organic semiconductor. This effect can be significant even at moderate doping levels. [23] This has been extensively investigated for P3HT using several different spectroscopic methods (e.g. ultraviolet/X-ray photoemission spectroscopy) and shows that band alignment at the contact can be drastically affected by doping/dedoping processes, for instance by sequentially exposing the P3HT films to air and vacuum, respectively. [7] Indeed, upon increased doping level the Fermi level in the P3HT will move closer to the HOMO level, resulting in a decrease in the injection barrier by about 0.5 eV. [7] In order to validate our hypothesis that a built-in potential generated by the use of low WF gate metal, such as Al, determines the Fermi-level pinning at the P3HT-Au interface, we exposed the Al-gate-based EGOFETs for several days to ambient atmosphere and then re-measured the electrical characteristics. Our results for doped P3HT EGOFETs quantitatively resemble those obtained for Ni-gated devices, with a contact resistance being 2-3 times lower and a current level of around one order of magnitude higher as compared to what is measured for the pristine Al-gated EGOFETs ( Figure 5 ). The same current increase effect is not observed for Ni-gated devices, which agrees with the proposed mechanism.
Conclusions
In conclusion, we have found that it is possible to improve the charge injection characteristics in staggered polyelectrolyte-gated OFETs by appropriately choosing the top-gate electrode.
The use of low work function gate metals (e.g. Al) is found to be detrimental for charge injection at the source electrode, leading to significant Schottky barrier formation for holes at the interface. The contact resistance can be lowered by more than one order of magnitude by using high work function metals such as Ni. We attribute these findings to the establishment of a built-in potential high enough to prevent the Fermi-level pinning at the metal-organic interface, which results in unfavorable energetic alignment of the source electrode with the valence band of the organic semiconductor. It is worthy to stress that precise tuning of the injection characteristics at the source electrode is possible since the operating voltage in the EGOFET devices is comparable to the respective variation of the work functions of the gate electrodes. The possibility to control the charge injection by changing the gate electrode is typically not feasible with conventional inorganic or polymeric dielectric gate insulators since the gate and drain-source driving voltages are relatively much higher. Furthermore, the nature of the polyelectrolyte itself (e.g. dimension and hydrophobicity of the counter ions) could be used as an additional parameter to dictate the charge injection characteristics at the source electrode. This supports the suitability of solid polyelectrolytes as dielectric layers in low voltage-operating devices optimized for circuit applications.
Experimental Section
Materials: Regioregular poly(3-hexylthiophene) (P3HT) was purchased from Sigma-Aldrich and used without further purification. The semiconductor was dissolved in 1,2-dichlorobenzene (10 mg mL 
